Abstract: Vanadium redox flow batteries (VRFBs) offer great promise as a safe, cost effective means of storing electrical energy on a large scale and will certainly have a part to play in the global transition to renewable energy. To unlock the full potential of VRFB systems, however, it is necessary to improve their power density. Unconventional stack design shows encouraging possibilities as a means to that end. Presented here is the novel concept of variable porous electrode compression, which simulations have shown to deliver a one third increase in minimum limiting current density together with a lower pressure drop when compared to standard uniform compression cell designs.
Introduction
The global economy is shifting towards renewable power generation, both on a cost basis and as a means of addressing anthropogenic climate change from greenhouse gas emissions. The limitation now being faced by electricity providers is finding suitable methods of storing this energy on a large-scale. Batteries are emerging as a key player in this field [1] , offering rapid response to grid fluctuations as well as significant load-shifting capability and quick installation. Vanadium redox flow batteries (VRFBs) are particularly suited to this in industrial and utility scale applications [2] at megawatt (MW) levels due to their nature as an inherently scalable technology that utilizes tanks of liquid electrolyte. In addition to the ability to de-couple power and capacity, VRFBs are safe and long-lasting.
While energy is stored in tanks for VRFB systems, power conversion occurs inside stacks of cells composed of two half-cells divided by a separator of ion-selective membrane and linked with bipolar electrodes. The half cells are usually composed of conductive porous carbon felt electrodes. The ions of active material, vanadium in a VRFB, are converted to different oxidation states during charge and discharge [3] as the electrolyte flows through these electrodes under an applied current. This process requires adequate delivery of reactants to maintain elevated power densities, particularly at the extremes of the battery's State of Charge (SOC). Mass-transport limitations within the cell, predominately towards the outlet and current collectors, can result in material degradation if current and flow rate are not regulated appropriately. This limits the power density of Redox Flow Battery (RFB) systems [3, 4] .
The power generated by a battery stack is the product of the current and the voltage. The voltage of a cell, V cell , is described below in Equation (1) [3] :
The phenomenon discussed above is known as concentration polarization. The concentration overpotential, η C , can become the dominant term in this situation. The limiting current density, i L , is then be expressed as shown in Equation (2) [4] :
where the local mass transfer coefficient is a function of velocity, v, as shown in Equation (3) [4] :
Variable porous electrode compression is proposed here to address this issue. With this novel geometry, the velocity of the electrolyte would increase as it flows through the cell, improving the delivery of reactants as they are depleted/converted. Figure 1 provides a visual representation of this concept. The phenomenon discussed above is known as concentration polarization. The concentration overpotential, , can become the dominant term in this situation. The limiting current density, , is then be expressed as shown in Equation (2) [4] : (2) where the local mass transfer coefficient is a function of velocity, , as shown in Equation (3) [4] :
Variable porous electrode compression is proposed here to address this issue. With this novel geometry, the velocity of the electrolyte would increase as it flows through the cell, improving the delivery of reactants as they are depleted/converted. Figure 1 provides a visual representation of this concept. Compressing porous electrodes has been demonstrated to improve their electrical properties, increasing their conductivity, however this comes with hydraulic penalties as the permeability is reduced. Thus, a compromise is required between electrochemical performance and the parasitic pump energy required due to overcome pressure losses. Varying the compression through a cell can reduce the pressure drop while improving the electrolyte behavior under limiting conditions. Two possible methods of stacking these cells to create higher voltages are shown in Figure 2 . Compressing porous electrodes has been demonstrated to improve their electrical properties, increasing their conductivity, however this comes with hydraulic penalties as the permeability is reduced. Thus, a compromise is required between electrochemical performance and the parasitic pump energy required due to overcome pressure losses. Varying the compression through a cell can reduce the pressure drop while improving the electrolyte behavior under limiting conditions. Two possible methods of stacking these cells to create higher voltages are shown in Figure 2 . The phenomenon discussed above is known as concentration polarization. The concentration overpotential, , can become the dominant term in this situation. The limiting current density, , is then be expressed as shown in Equation (2) [4] : (2) where the local mass transfer coefficient is a function of velocity, , as shown in Equation (3) [4] :
Variable porous electrode compression is proposed here to address this issue. With this novel geometry, the velocity of the electrolyte would increase as it flows through the cell, improving the delivery of reactants as they are depleted/converted. Figure 1 provides a visual representation of this concept. Compressing porous electrodes has been demonstrated to improve their electrical properties, increasing their conductivity, however this comes with hydraulic penalties as the permeability is reduced. Thus, a compromise is required between electrochemical performance and the parasitic pump energy required due to overcome pressure losses. Varying the compression through a cell can reduce the pressure drop while improving the electrolyte behavior under limiting conditions. Two possible methods of stacking these cells to create higher voltages are shown in Figure 2 . Numerical modelling and simulation is an essential tool for the analysis of RFB systems, allowing researchers to investigate the flow of electrolyte within VRFB cells. Coupled hydraulic and electrochemical models have been developed and applied in this field since 2008, when Shah and co-workers began publishing their dynamic two-dimensional models [5] [6] [7] . A number of groups have built on this research in various formats for a range of purposes, beginning with the simplified stationary model published by You et al. [8] . Ma and co-workers applied this to a three-dimensional format [9] and others incorporated additional considerations such as vanadium crossover and water transport through the membrane [10] .
These models have been applied to simulate different cell geometries and electrode configurations, including serpentine flow fields [11] [12] [13] as well as circular and trapezoidal electrode geometries [14, 15] . Research presented here builds on this body of work by applying a validated model [8] to simulate variable felt compression with published porous electrode data [10, 16, 17] . Results show a significant improvement over conventional geometry.
Results
Four cases were simulated in this study, three under conventional uniform compression (Cases 1 to 3) and one applying variable reducing compression (Case 4), for the range 0 to 30%. Single cells of various dimensions at 90% SOC were charged at 160 mA cm −2 with a flowrate set at 10 times the stoichiometric requirement. Key values for each case at 40 cm 2 are summarized in Table 1 . Minimum reactant (V 3+ ) concentration, limiting current density and differential pressure were calculated for the negative half-cell only. The voltage was calculated between the electrode boundaries for the full cell.
Reactant Concentration and Limiting Current Density
As outlined in the introduction, depletion of reactants in the cell is a key concern for optimizing flow battery performance. Focusing on the negative half-cell during charging, this means assessing the concentration of V 3+ ions. If this drops to zero, the energy from the applied current will start to decompose the water and the materials that make up the cell. This is hazardous, particularly with respect to hydrogen gas generation, and can also reduce the lifetime of the battery. As expected, the minimum reactant concentration correlates well with the limiting current density, as shown in Figure 4 . These figures, together with Table 1 , show the variable reducing configuration, reducing local reactant depletion and raising the minimum current density for a similar pressure drop when compared to 15% uniform compression. Depletion of reactants is a concern, even when the bulk concentration is well above zero. There must be enough ions available to supply the porous electrode at the micro scale. When the reactant concentration falls, a higher velocity is required to maintain the reaction kinetics. As such, the limiting current density is a function of both the concentration and velocity. As expected, the minimum reactant concentration correlates well with the limiting current density, as shown in Figure 4 . These figures, together with Table 1 , show the variable reducing configuration, reducing local reactant depletion and raising the minimum current density for a similar pressure drop when compared to 15% uniform compression. As expected, the minimum reactant concentration correlates well with the limiting current density, as shown in Figure 4 . These figures, together with Table 1 , show the variable reducing configuration, reducing local reactant depletion and raising the minimum current density for a similar pressure drop when compared to 15% uniform compression. Depletion of reactants is a concern, even when the bulk concentration is well above zero. There must be enough ions available to supply the porous electrode at the micro scale. When the reactant concentration falls, a higher velocity is required to maintain the reaction kinetics. As such, the limiting current density is a function of both the concentration and velocity. Depletion of reactants is a concern, even when the bulk concentration is well above zero. There must be enough ions available to supply the porous electrode at the micro scale. When the reactant concentration falls, a higher velocity is required to maintain the reaction kinetics. As such, the limiting current density is a function of both the concentration and velocity.
Effect of Cell Dimensions
Relative improvements were found to be independent of active area after simulating cells of 10, 25, 40, 50, and 100 cm 2 . Reduction in pressure drop, however, correlated with the ratio of cell length to width as expected i.e., the effect was reduced in a shorter, wider cell for the same area. Results are shown for 40 cm 2 cells below in Figure 5 . 
Discussion
While the improvement generated by the novel geometry is small in absolute terms on this scale, the relative improvement suggests that the benefit could be significant at a large scale by optimizing a stack design with this approach. For example, the 6 mA cm −2 increase shown here applied to a 40 × 1500 cm 2 cell VRFB stack at 1.7 V per cell equates to 0.6 kW. This is 12% of a 5 kW nominal power rating [4] for the stack. Comparing the variable compression results in relative terms shows a significant gain. Key values from this study are shown below in Table 2 . Figure 6 shows the limiting current is lowest near the electrode boundary in both the conventional configuration and the new variable design. This suggests there is value of exploring other novel electrode geometries to address this phenomenon as a possible avenue for further research in this field.
Taken together, the results from this research suggest that this concept is worthy of further investigation. Figure 6 shows the limiting current density at the inlet region is higher in Case 4 due to the negligible compression in the region. Additional parametric studies with more porous electrode data may find that the design would benefit from increased compression overallparticularly as zero compression generates a high cell resistance, although this is only the case at the inlet boundary. Optimization would likely deliver the enhanced electrochemical performance of standard 25% compression while significantly reducing the pressure drop across the cell. 
While the improvement generated by the novel geometry is small in absolute terms on this scale, the relative improvement suggests that the benefit could be significant at a large scale by optimizing a stack design with this approach. For example, the 6 mA cm −2 increase shown here applied to a 40 × 1500 cm 2 cell VRFB stack at 1.7 V per cell equates to 0.6 kW. This is 12% of a 5 kW nominal power rating [4] for the stack. Comparing the variable compression results in relative terms shows a significant gain. Key values from this study are shown below in Table 2 . Table 2 . Comparison between Cases 2 and 4 for key criteria. Values are relative improvement (%) over conventional geometry.
Dependent Variable Improvement
Minimum V 3+ Concentration (mol m −3 ) 25% Minimum Limiting Current (mA cm −2 ) 36% Differential Pressure (kPa) 3% Cell Voltage (V) 1% Figure 6 shows the limiting current is lowest near the electrode boundary in both the conventional configuration and the new variable design. This suggests there is value of exploring other novel electrode geometries to address this phenomenon as a possible avenue for further research in this field.
Taken together, the results from this research suggest that this concept is worthy of further investigation. Figure 6 shows the limiting current density at the inlet region is higher in Case 4 due to the negligible compression in the region. Additional parametric studies with more porous electrode data may find that the design would benefit from increased compression overall-particularly as zero compression generates a high cell resistance, although this is only the case at the inlet boundary. Optimization would likely deliver the enhanced electrochemical performance of standard 25% compression while significantly reducing the pressure drop across the cell. 
Materials and Methods
Governing equations were applied in this work based on the approach developed by Shah et al. [5] and You et al. [8] . Ion flux is described by the Nernst-Planck equations and the Butler-Volmer law is used to define electrode reaction kinetics, while Darcy's law was applied to give the velocity in the porous electrode. Some elements of the model were taken from Knehr et al. [10] in relation to fluid parameters and the treatment of the boundaries between the membrane and electrodes.
As described by You et al., and later by Zheng et al. [18] , this work examines only selected SOC values using a simplified, stationary, two-dimensional model rather than implement a transient model. Overall cell SOC is defined as:
Inlet concentrations are then defined as a function of initial vanadium concentration, , as follows:
The model was solved using the finite element method with software package COMSOL Multiphysics. A combination of interfaces was used to implement the convection-diffusion, generalform, and ordinary differential equations. Mapped meshes with 3320 elements biased towards the outlet and current collector boundaries were used throughout, after a mesh refinement study showed values for concentration and velocity converged at this configuration.
Data published by Park et al. [16] for carbon felt electrodes at various states of compression was used for electrical conductivity and porosity parameters, as shown below in Table 3 . Table 3 . Carbon felt electrode data adapted from Park et al. [16] . 
Thickness Compression Conductivity Porosity

Materials and Methods
Inlet concentrations are then defined as a function of initial vanadium concentration, c 0 , as follows:
The model was solved using the finite element method with software package COMSOL Multiphysics. A combination of interfaces was used to implement the convection-diffusion, general-form, and ordinary differential equations. Mapped meshes with 3320 elements biased towards the outlet and current collector boundaries were used throughout, after a mesh refinement study showed values for concentration and velocity converged at this configuration.
Data published by Park et al. [16] for carbon felt electrodes at various states of compression was used for electrical conductivity and porosity parameters, as shown below in Table 3 . Table 3 . Carbon felt electrode data adapted from Park et al. [16] . These values were entered as interpolation definitions in COMSOL. Porous electrode properties for porosity and conductivity were then defined as a function of local compression, based on position on the x-axis between the inlet and outlet, as shown below in Figure 7 . These values were entered as interpolation definitions in COMSOL. Porous electrode properties for porosity and conductivity were then defined as a function of local compression, based on position on the x-axis between the inlet and outlet, as shown below in Figure 7 . Except where stated elsewhere, the general parameters shown in Table 4 were applied. The electrolyte is assumed to have constant physical properties. Key parameters are shown below in Table 5 . The Carmen-Kozeny equation was used to define the permeability of the electrodes as a function of porosity. Except where stated elsewhere, the general parameters shown in Table 4 were applied. The electrolyte is assumed to have constant physical properties. Key parameters are shown below in Table 5 . The Carmen-Kozeny equation was used to define the permeability of the electrodes as a function of porosity. Electrochemical properties used are summarised in Table 6 for reference. A Bruggeman correction was applied to diffusion coefficients and electrical conductivity parameters. The model implemented here with parameters defined by You et al. [8] , including a 140 mV voltage correction for considerations not included in the simplified model such as contact resistances, showed good agreement with the experimental data published in their work. Experimental and simulated charge curves for the range 10 to 90% SOC are shown in Figure 8 below. 
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The model implemented here with parameters defined by You et al. [8] , including a 140 mV voltage correction for considerations not included in the simplified model such as contact resistances, showed good agreement with the experimental data published in their work. Experimental and simulated charge curves for the range 10 to 90% SOC are shown in Figure 8 below. The maximum error was 3.2% at 10% SOC, the minimum 0% at 50% SOC, and the average 1.4%. This is acceptable for this application, and hence the model is considered to be validated in this context.
The remainder of the analysis was conducted using simulations with inlet concentrations fixed at 90 % SOC. Performance parameters were obtained through post-processing in COMSOL. Derived values were introduced to provide the minimum V 3+ concentration and limiting current density over 
Experimental and Simulated Charge Curves
Experimental Simulated Figure 8 . Experimental [8] and simulated charge curves for at 5 cm 2 cell at 40 mA cm −2 from 10 to 90% state of charge (SOC) for model validation.
The maximum error was 3.2% at 10% SOC, the minimum 0% at 50% SOC, and the average 1.4%. This is acceptable for this application, and hence the model is considered to be validated in this context.
The remainder of the analysis was conducted using simulations with inlet concentrations fixed at 90 % SOC. Performance parameters were obtained through post-processing in COMSOL. Derived values were introduced to provide the minimum V 3+ concentration and limiting current density over the negative electrode cross-section. In the case of limiting current density, this was defined using Equations (2) and (3) as introduced earlier in this article. A boundary probe was used to obtain the electric potential on the current collector boundary on the positive half-cell. This boundary is defined with an electrode current boundary condition set at the applied average current density, while the negative is defined as electric ground. Differential pressure was obtained by subtracting the average absolute pressure at the inlet from the absolute pressure at the outlet boundary. 
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